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The pathogenicity of the opportunistic human fungal pathogen Candida albicans depends on its ability
to escape destruction by the host immune system. Using mutant strains that are defective in cell surface
glycosylation, cell wall protein synthesis, and yeast-hypha morphogenesis, we have investigated three
important aspects of C. albicans innate immune interactions: phagocytosis by primary macrophages and
macrophage cell lines, hyphal formation within macrophage phagosomes, and the ability to escape from
and kill macrophages. We show that cell wall glycosylation is critically important for the recognition and
ingestion of C. albicans by macrophages. Phagocytosis was significantly reduced for mutants deficient in
phosphomannan biosynthesis (mmn4�, pmr1�, and mnt3 mnt5�), whereas O- and N-linked mannan
defects (mnt1� mnt2� and mns1�) were associated with increased ingestion, compared to the parent
wild-type strains and genetically complemented controls. In contrast, macrophage uptake of mutants
deficient in cell wall proteins such as adhesins (ece1�, hwp1�, and als3�) and yeast-locked mutants
(clb2�, hgc1�, cph1�, efg1�, and efg1� cph1�), was similar to that observed for wild-type C. albicans.
Killing of macrophages was abrogated in hypha-deficient strains, significantly reduced in all glycosylation
mutants, and comparable to wild type in cell wall protein mutants. The diminished ability of glycosylation
mutants to kill macrophages was not a consequence of impaired hyphal formation within macrophage
phagosomes. Therefore, cell wall composition and the ability to undergo yeast-hypha morphogenesis are
critical determinants of the macrophage’s ability to ingest and process C. albicans.

Invasive Candida albicans infection can represent a serious
clinical complication, especially in patients with an impaired
immune system. Candidemia has an incidence of between 1.1
and 24 cases per 100,000 individuals and an associated mor-
tality rate of more than 30% (42). It seems unlikely that anti-
fungal agents will have an impact on the grim mortality statis-
tics for systemic fungal infections without the aid of new
clinical approaches, such as combining chemotherapy with im-
munotherapy. However, augmenting the ability of the immune
system to eliminate a pathogen requires sophisticated under-
standing of the molecular mechanisms involved in pathogen
recognition and the ensuing immune response.

The first point of contact with cells of the innate immune
system is the fungal cell wall, and therefore the fungal cell
wall plays an important role in directing the immune re-
sponse to fungal infection (27). It is a dynamic, highly or-
ganized organelle that determines both the shape of the
fungus and its viability. The core structure of the C. albicans
fungal cell wall is composed of a skeleton of polysaccharide
fibrils composed of �-(1,3)-glucan that is covalently linked
to �-(1,6)-glucan and chitin [a �-(1,4)-linked polymer of
N-acetylglucosamine] and is designed to function as a robust
exoskeleton and a scaffold for the external protein layer.

This outer layer consists of highly glycosylated mannopro-
teins that are modified by N-linked (5) and O-linked man-
nosylation and phosphomannosylation (8, 27).

Host defense against systemic candidiasis relies mainly on
the ingestion and elimination of fungal cells by cells of the innate
immune system, especially neutrophils and macrophages (12, 27,
38). Macrophages have direct antimicrobial activity against such
organisms and also promote antigen presentation, polysaccharide
sequestration, and production of cytokines and chemokines (38).
Conversely, there is also evidence that persistent infection is as-
sociated with the intracellular residence of yeast cells in macro-
phages. Furthermore, infected circulating macrophages can
transfer pathogenic fungi and cause dissemination of infection.
Fungi engage different pattern recognition receptors (PRR) to
activate specific arms of innate host defense (29). For example,
recognition of C. albicans by monocytes and macrophages has
been shown to be mediated by at least four systems that sense
fungal pathogen-associated molecular patterns (PAMPs) of
the C. albicans cell wall: recognition of N-linked mannans by
the mannose receptor (MR), O-linked mannans by Toll-like
receptor 4 (TLR4), �-glucans by dectin-1/TLR2, and �-man-
nosides by galectin-3/TLR2 complexes (28). More recently,
additional PRRs have been shown to contribute to C. albicans
recognition, including the scavenger receptors CD36 and
SCARF1 (22), TRL9 recognition of nucleic acids (23), and the
C-type lectin mincle (40). The multiplicity of these fungal cell
wall-macrophage receptor interactions raises questions as to
their relative importance and whether they have differential
roles in different cell types and at different stages of infection.

The use of antibodies or soluble mediators to block macro-
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phage receptors and the study of receptor knockout macro-
phages have been informative (7, 14, 18, 28, 35), but these
approaches have the inherent limitation of manipulating the
host cell while attempting to study the host immune response.
Furthermore, since the fungal cell wall is potentially able to
trigger many different PRR interactions simultaneously, it is
difficult to address the overall contribution of specific C. albi-
cans cell wall components to the outcome of the host’s immune
response (27). Fortunately, the genetic analysis of the biosyn-
thesis of the C. albicans cell wall has led to the development of
an extensive collection of genetically and phenotypically char-
acterized isogenic mutants of C. albicans depleted in specific
cell wall components (1, 2, 16, 20, 25, 31). Uptake of C. albi-
cans mutants defective in O- and N-linked mannosylation by
human mononuclear cells or murine macrophages has previ-
ously been shown to diminish cytokine production (14, 28).
These in vitro findings are relevant to C. albicans infections in
vivo, since C. albicans mutants with defects in cell wall man-
nosyl residues are also less virulent in experimental dissemi-
nated candidiasis (1, 2, 24, 25). The vast majority of such
mutants have not been formally assessed in terms of recogni-
tion by and escape from macrophages.

Here we have conducted a comprehensive analysis of the
contribution of C. albicans cell wall glycosylation, cell wall
proteins, and the ability to switch from yeast to hyphal forms
to the fungus-macrophage interaction. For this purpose, we
have taken advantage of a large collection of genetically and
phenotypically characterized isogenic mutants of C. albicans
depleted in specific cell wall components or impaired in
morphogenic switching. We have assessed three important
determinants of C. albicans pathogenicity, which hitherto

have not been thoroughly studied, namely, phagocytosis by
primary murine macrophages and macrophage cell lines,
hyphal formation within macrophage phagosomes, and the
ability to escape from and kill macrophages. Our data show
that specific fungal morphological properties are associated
with defined effects on the macrophage’s ability to ingest
and process C. albicans.

MATERIALS AND METHODS

Macrophage cell culture. J774.1 murine macrophages (European Collection of
Cell Culture) were cultured in Dulbecco’s modified Eagle’s medium (DMEM;
Lonza Group, Ltd., Braine-l’Alleud, Belgium), supplemented with 10% (vol/vol)
fetal calf serum (FCS; Biosera, Ringmer, United Kingdom), 2% (wt/vol) peni-
cillin and streptomycin antibiotics (Invitrogen, Ltd., Paisley, United Kingdom)
and 1% L-glutamine (Invitrogen), in tissue culture flasks (Nagle Nunc, Interna-
tional, Hereford, United Kingdom) at 37°C and 5% (vol/vol) CO2.

Bone marrow-derived macrophages (BMDM) were obtained by our standard
method as previously described (9, 21). BALB/c mouse femurs were flushed
aseptically with complete medium to obtain bone marrow cells, through a 25-
gauge needle. The single-cell suspension was cultured for 5 days at 37°C at 5%
CO2 in 75-ml tissue culture flasks (Corning Glass, Corning, NY) in DMEM
containing 100 U/ml penicillin or 100 U/ml streptomycin, 2 mM glutamine, 10%
(vol/vol) heat-inactivated FCS, and 10% L929-conditioned medium as a source
of macrophage colony-stimulating factor (M-CSF).

Candida albicans yeast cell culture. C. albicans strains were obtained from
glycerol stocks and plated on SC-UHTLR plates consisting of yeast nitrogen
base-amino acids (Formedium, Norfolk, United Kingdom), technical agar
(Oxoid, Cambridge, United Kingdom), 1 M NaOH solution (BDH Chemicals,
VWR International, Leicestershire, United Kingdom), double-distilled H2O, 1%
(wt/vol) adenine hemisulfate solution (Sigma, Dorset, United Kingdom), 40%
(wt/vol) glucose solution (Fisher Scientific, Leicestershire, United Kingdom),
and 4% SC �Ura dropout solution (Formedium). A single colony of C. albicans
yeast cells was added from SC-UHTLR plates to 5 ml of SC-UHTLR plus 5%
glucose medium (Fisher Scientific) and incubated overnight at 30°C in a shaking
incubator at 200 rpm. In selected experiments, C. albicans yeast cells were

TABLE 1. C. albicans mutant strains used in this study

Description of strain Strain Defect Reference

CAI4�CIP10 NGY152 26

Glycosylation mutants of C. albicans
mnt1� mnt2� NGY111 O mannosylation 25
mnt1� mnt2�::MNT1 NGY335 25
mnt3� mnt5� NGY1227 Phosphomannosyltransferase N-mannan modification 15
mnt3� mnt5�::MNT3 NGY1228 15
mnt3� mnt5�::MNT5 NGY1229 15
mns1� HMY5 �1,2-Mannosidase, terminal stage N mannosylation 24
mns1�::MNS1 HMY6 24
mnn4� CDH15 Phosphomannan synthesis 16
mnn4�::MNN4 CDH13 16
pmr1� NGY355 Phosphomannan synthesis N and O mannosylation 1
pmr1�::PMR1 NGY356 1

C. albicans hyphal cell wall protein mutants
ece1� CAF6-8 Hyphal cell wall protein 4
als3� CAYF178U Surface adhesin 30
als3�::ALS3 CAYF178U 30
hwp1� CAH7 1A1E2 Hyphal cell wall adhesin 30
hwp1�::HWP1 CAHR3 30

C. albicans hypha-deficient mutants
clb2� YJB8447 B-type mitotic cyclin 3
hgc1� WYZ12.2 G1 cyclin 44
efg1� CA79 cAMP pathway 19
cph1� JKC19 MAP kinase cascade 19
efg1� cph1� HLC54 cAMP and MAP kinase 19
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labeled overnight with 1 �l/ml of the green fluorescent probe FUN1 for 10 min
then washed 3 times in 1% phosphate-buffered saline (PBS) to remove unbound
FUN1 as per the manufacturer’s instructions (Invitrogen). C. albicans strain
serotype A strain CAI4, hitherto referred to as the wild type, was used as a
control and to construct mutants using targeted gene disruption (26). The mu-
tants are listed in Table 1. C. albicans strains containing a single reintegrated
copy of the corresponding deleted genes were cultured and grown in the same
way. These acted as reintegrant controls, to rescue part of the control phenotype.
Most of the C. albicans strains used were created locally and have been described
previously (1, 15, 16, 24, 25). The hypha-specific G1 cyclin-null hgc1� mutant, the
cyclic AMP (cAMP) pathway component regulator of hyphal morphogenesis

efg1� mutant, the mitogen-activated protein (MAP) kinase transcription factor
cph1� mutant, the B-type mitotic cyclin clb2� mutant, the als3� and hwp1�
adhesin mutants, and the nonessential hypha-regulated cell wall protein ece1�
mutant were all kindly provided by the authors of the references cited in Table 1.

Yeast cell phagocytosis assay. Primary BMDM and the macrophage cell lines
J774.1 were plated at a density of 5 � 105 in 12-well plates (Nagle Nunc) for 24 h.
Wild-type and mutant C. albicans strains from the overnight cultures were
counted and added to BMDM and J774.1 macrophages at 1:1 and 3:1 C. albicans/
macrophage ratios.

After 30, 60, 120, and 180 min of coincubation of J774.1 or BMDM and C.
albicans strains, wells were washed twice with 1% (wt/vol) sterile phosphate-

FIG. 1. Phagocytosis of C. albicans glycosylation mutant strains. (A) Light microscopy pictures of BMDM uptake of C. albicans. These pictures
illustrate that not all macrophages ingest C. albicans, but those macrophages that ingest tend to take up more than one fungal cell. (B) Percentage
uptake and phagocytic index for BMDM and J774 macrophages ingesting C. albicans glycosylation mutants (mnn4�, mns1�, mnt1� mnt2�, and
pmr1�) and their respective reintegrant controls and the wild-type C. albicans strain (CAI4). The macrophage/C. albicans ratio was 1:1. Values are
means � standard deviations (SD); n 	 4. *, P 
 0.05. (C) Percentage uptake and phagocytic index for BMDM and J774 macrophages ingesting
the mnt3� mnt5� mutant and the respective reintegrant controls (mnt3� mnt5�::MNT3 and mnt3� mnt5�::MNT5) and wild-type C. albicans strain
(CAI4). The macrophage/C. albicans ratio was 1:1. Values are means � SD (n 	 4). *, P 
 0.05.
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FIG. 2. Visualization of C. albicans hypha-mediated macrophage killing. Shown is video microscopy of J774 macrophages after ingestion of
wild-type C. albicans. (A) Ingested C. albicans cells beginning to form hyphae within the macrophage. (B) Hyphal elongation (41 min post-image
A). (C) Hypha stretching macrophage plasma membrane (1 h 50 min post-image A). (D) Hyphae piercing macrophage membrane and macrophage
lysis (2 h 34 min post-image A). Shown are scanning electron micrographs of J774 macrophages and wild-type C. albicans. (E) This image shows
a single C. albicans hypha protruding from a macrophage. (F) Hyphae protruding from macrophage triggering membrane ruffling and chemotaxis
of neighboring macrophages.
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buffered saline (PBS) to remove excess unbound cells. C. albicans uptake by
macrophages was assessed by light microscopy (Nikon Eclipse TE2000-U micro-
scope with a �40 objective) in triplicate after fixation and staining using a
modified Wright Giemsa stain (Laboratory Services, Paisley, United Kingdom)
as previously described (10, 21). Results are expressed as percentage uptake (the
percentage of macrophages that have taken up at least one fungal cell) and
phagocytic index (the number of fungal cells taken up per 100 macrophages).
Data were obtained in triplicate from at least 3 separate experiments by analyz-
ing at least 200 macrophages per well.

Macrophage killing assay. The macrophage killing assay was conducted under
the same conditions described above for the phagocytosis assay. After removal of
excess unbound C. albicans by rigorous washing with 1% (vol/vol) PBS, killing of
macrophages was assessed by trypan blue exclusion. A 150-�l sample of trypan
blue (Sigma) and 150 �l of 1% PBS were added to cells for 2 min and removed
by lightly washing twice with 1% PBS; cells were then fixed with 3% parafor-
maldehyde (BDH). Cells were then counted under an inverted light microscope
(Nikon Eclipse TE2000-U microscope with a �40 objective) to ascertain the
percentage of macrophages killed. Data were obtained in triplicate from at least
3 separate experiments by analyzing at least 200 macrophages per well.

Scanning electron and live video microscopy. Circular glass slides (13 mm)
were incubated overnight with 5 � 105 J774 macrophages in 24-well plates before
addition of C. albicans control strain CAI4�CIP10, as described above. These
were left to coincubate for 3 h and were then washed in 1% PBS and fixed with
150 �l of 2.5% grade 2 gluteraldehyde (Sigma). The glass slides were then
observed using scanning electron microscopy (JEOL 35CF scanning electron
microscope) at a �2,600 magnification, with an accelerating voltage of 10 kV.
Live video microscopy was conducted using a Deltavision Core microscope under
the same conditions described for the phagocytosis assay. Images were taken
every minute over a 6-h period at a �40 magnification and analyzed using
softWoRx Explorer image analysis software (Applied Precision, Issaquah, WA).

Statistical analysis. Each experiment was carried out at least 3 times in
triplicate, and mean values and standard deviations were calculated. One-way
analysis of variance and Mann-Whitney rank sum tests (Sigmaplot 11.0) were
used to determine statistical significance.

RESULTS

Phagocytosis of glycosylation-deficient C. albicans strains.
Mannoproteins on the C. albicans outer cell wall are thought to
be the first point of contact between pathogen and cells of the
innate immune system. This raises the question as to whether
alterations in C. albicans cell wall glycosylation affect the rate
of recognition and phagocytosis by macrophages.

We challenged primary macrophages and macrophage cell
lines with glycosylation-defective strains of C. albicans. The
strains used in this study are shown in Table 1. Briefly, the
pmr1� strain lacks phosphomannan and has truncated O-
linked and N-linked glycans; the mnt1� mnt2� strain is selec-
tively deficient in O glycosylation (25) and has only a single
O-linked mannose sugar; the mns1� strain has an N-glycosyla-
tion defect due to curtailed �1,2-mannosidase activity in the
endoplasmic reticulum (24); the mnn4� strain has a complete
loss of phosphomannan (16); and the mnt3� mnt5� strain has
a partial phosphomannan alteration, as well as some minor
alternations in N-mannan (15).

Uptake of C. albicans by macrophages was assessed using
our standard phagocytosis assay, which we have used exten-
sively in the past to quantitatively study ingestion of apoptotic,
necrotic, and opsonized cells, as well as beads and other patho-
gens (9, 10, 21). Primary BMDM and the macrophage cell line
J774.1 efficiently took up C. albicans, with most of the uptake
occurring within the first 60 min of the interaction assay. How-
ever, only a proportion of macrophages in any given popula-
tion ingested C. albicans, but those cells tended to ingest more
than one fungal cell (Fig. 1A). This is similar to previous
observations using other target cells (10). There were signifi-
cant differences in the rate of uptake between control and
mutant strains, which were most striking at the 3-h time point.
The mnt1� mnt2� and mns1� strains were taken up at a
significantly higher rate than the wild-type and reintegrant
controls, whereas the phosphomannan-deficient pmr1� and
mnn4� mutant strains showed significantly reduced rates of
uptake (Fig. 1B). The importance of phosphomannan cell wall
content for C. albicans recognition by macrophages was con-
firmed in experiments using the mnt3� mnt5� mutant strain
(Fig. 1C), which has an �50% reduction in phosphomannan.

Importantly, these observations were independent from the
type of phagocyte (BMDM or cell line) and whether the assay
was conducted under serum or serum-free conditions (data not
shown). This confirms that the C. albicans glycosylation status
is an important determinant for recognition and ingestion by
macrophages and suggests that defects in phosphomannan af-
fect the rate of uptake of yeast cells, whereas O-linked and
N-linked mannosylation defects enhance pathogen recogni-
tion.

Macrophage killing by C. albicans. Morphogenic switching
from yeast to hyphal forms has previously been thought to play
a major role in C. albicans’ ability to kill macrophages. It was
therefore important to visualize the macrophage killing pro-
cess in more detail. First, we conducted live video microscopy
experiments which strongly suggest that killing of macrophages
in the interaction assay is a consequence of hyphal formation,
elongation, and ultimately stretching and piercing of the mac-
rophage cell membrane (Fig. 2A to D). This is most strikingly
illustrated by scanning electron microscopy pictures of killed
macrophages, which show the piercing of the macrophage cell
membrane by C. albicans hyphae (Fig. 2E and F).

Killing of macrophages by C. albicans glycosylation-deficient
strains. To examine killing of macrophages by C. albicans, we
again used glycosylation-deficient strains and further mutants
that were deficient in hypha-specific cell wall proteins and
others with deletions of genes coding for various regulatory
proteins and transcription factors essential for the yeast-to-

TABLE 2. Percentage uptake of C. albicans cell wall and hypha-deficient mutants by macrophages

Ratio % Uptake of C. albicans mutant by macrophagesa

CAI4 ece1� als3� als3�::ALS3 hwp1� hwp1�::HWP1
3:1 55.0 � 4.8 60.7 � 6 53.3 � 1.2 52.3 � 8.6 51 � 10.8 59 � 14.2

NGY152CAI4 clb2� hgc1� efg1� cph1� efg1� cph1�
1:1 29.3 � 3.5 31.3 � 8.1 21.7 � 3.8 35.3 � 5.1 26.3 � 0.6 32.7 � 9.3
3:1 43.3 � 4.5 50.3 � 3.5 43.7 � 2.5 42.3 � 4.2 46.3 � 1.5 44 � 5.3

a The values shown are means � standard deviations from three separate triplicate experiments. Data are shown for the 3-h time point at 1:1 and 3:1 C. albicans/J774
macrophage ratios.
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hypha transition (Table 1). Morphogenesis-defective strains
included the clb2� strain, a mitotic cyclin mutant that forms
elongated buds, rather than true hyphae; the hgc1� strain, a G1

cyclin mutant that is unable to form true hyphae; single and
double efg1� mutant strains;, and cph1� mutants that lack
specific transcription factors that regulate the yeast-hypha
morphogenesis pathways (3, 19, 44).

Control phagocytosis experiments were conducted using
yeast cells that had normal glycosylation but lacked specific
hyphal cell wall proteins. As expected, mutants such as the
hwp1� and als3� strains and the ece1� strain, which lack pro-
teins only in the hypha cell wall, were unaffected in the rate of
yeast cell uptake compared to wild-type controls (Table 2).
Yeast cells of hypha-deficient mutants such as the clb2�,
hgc1�, efg1�, and cph1� strains were also unaffected in the
rate of uptake by macrophages compared to wild-type controls
at 1 h and 3 h (Table 2).

Figure 3 shows the percentage of macrophages killed fol-
lowing incubation with control and glycosylation-deficient
strains. There was little killing of macrophages during the first
2 h of the macrophage interaction assay but significant killing
at 3 h. The C. albicans/macrophage ratio was a critical param-

eter for macrophage killing, with a higher rate of killing when
using a 3:1 rather than a 1:1 C. albicans/macrophage ratio. All
glycosylation-deficient strains showed a reduced rate of mac-
rophage killing compared to the wild-type controls or their
respective reintegrant strains, and this was observed at both 1:1
and 3:1 ratios (Fig. 3), but the biggest differentials between
such strains occurred in assays using a 1:1 ratio of cells.

To further elucidate which glycosylation-deficient strains
were most effective in killing macrophages, it was important to
take into account the various rates of uptake of the individual
strains. This analysis showed that the mnt1� mnt2� strain
exhibited a much lower rate of macrophage killing than all
other mutant strains tested (Table 3).

The hwp1�, als3�, and ece1� mutants that lacked specific
cell wall proteins but were normal for yeast-hypha morphogen-
esis were unaffected in terms of macrophage killing compared
to the wild-type or reintegrant controls (Table 4).

Next, we examined killing of macrophages by hypha-defi-
cient strains. Strikingly, the hgc1�, cph1�, efg1�, efg1� cph1�,
and clb2� mutant strains were all defective in macrophage
killing. The cph1� mutant strain, which exhibits only a partial
inhibition of hyphal formation, was associated with a 50%

TABLE 3. Macrophage killing rate by C. albicans glycosylation mutants

Ratio
% of macrophages killed by strain typea:

CAI4 mnn4� MNN4 mnt1� mnt2� MNT1 pmr1� mns1� MNS1 mnt3��
� mnt5� MNT3

1:1 48.4 14.8 37.8 4.4 32.8 22.4 18.0 33.2 12.0 25.3

a The values shown represent the percentage of macrophages that were killed at the 3-h time point following ingestion of wild-type or mutant C. albicans at a 1:1
C. albicans/macrophage ratio. Each value represents the percentage of macrophages killed divided by the percentage uptake of C. albicans multiplied by 100.

FIG. 3. Killing of macrophages by C. albicans glycosylation mutant strains. (A) Percentage of J774 macrophages killed by glycosylation mutants
(mnn4�, mns1�, mnt1� mnt2�, and pmr1�), their respective reintegrant controls, and the wild-type C. albicans strain (CAI4). The C. albicans/
macrophage ratio is 1:1 (n 	 4). (B) Data for a C. albicans/macrophage ratio of 3:1 (n 	 4) Values in panels A and B are means � SD. *, P 

0.05.
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reduction in macrophage killing, while the other mutants with
more severe morphogenesis deficiencies were even more de-
fective in macrophage killing (Table 5). This suggests that
hyphal formation is essential for the ability of C. albicans to kill
macrophages. This is further supported by fluorescence mi-
croscopy experiments in which macrophages were exposed to
the fluorescent stain FUN1. Staining macrophages with FUN1
resulted in marked inhibition of hyphal formation and a sig-
nificant reduction in macrophage killing (CAI4 versus CAI4
plus FUN1, 17.4% � 1.46% versus 7.3% � 1.71%, respec-
tively; n 	 4; P 
 0.05) without alteration in macrophage
uptake (percentage uptake for CAI4 versus CAI4 plus FUN1,
35.1% � 2.87% versus 36.5% � 4.01%, respectively; n 	 3).

Finally, we confirmed previous observations that hypha for-
mation was not affected in the C. albicans glycosylation mu-
tants (16, 25) (Table 6). Furthermore, most glycosylation mu-
tants were also unaffected in hyphal formation after ingestion
by macrophages. Only the mns1� null mutant showed a slight
delay in hypha formation in vitro and within macrophages
(Table 6). Thus, the reduced killing of macrophages by glyco-
sylation mutants was not due to an impaired ability to form
hyphae.

DISCUSSION

C. albicans is the major life-threatening human fungal
pathogen. C. albicans pathogenicity depends in part on its
ability to escape immune surveillance and to kill immunocom-
petent host cells. Recent studies have shown that components
of the fungal cell wall such as �-glucan (33) and mannan (6)
are immunostimulatory and are involved in the recognition
and uptake of fungal cells by the immune system (27, 37).

In this study, we analyzed the contribution of distinct C.
albicans cell wall components and yeast-hypha morphogenesis
to phagocytosis by and escape from macrophages. We show
that C. albicans phagocytosis by macrophages is dependent on
the glycosylation status of the cell wall, but not cell wall pro-
teins or morphogenic switching from yeast to hyphal forms.
Morphogenic switching, however, is required for macrophage
killing by C. albicans, and killing of macrophages is abrogated

in mutants that are unable to form hyphae. Interestingly, gly-
cosylation mutants exhibit normal hypha formation extracellu-
larly in culture and after uptake within macrophage phago-
somes but have diminished ability to kill and escape from
phagocytes.

Recognition of unopsonized yeast cells of C. albicans by
monocytes and macrophages is mediated by at least four rec-
ognition systems that sense specific components of the C.
albicans cell wall (N-linked mannans by MR, O-linked man-
nans by TLR4, �-glucans by dectin-1, and �-mannosides by
galectin-3/TLR2 complexes). These have been implicated by
ourselves and others in experiments combining C. albicans cell
wall mutants with tools to specifically block macrophage sur-
face receptors, such as knockout BMDM, receptor-blocking
antibodies, and ligands (28). These experiments have identified
profound differences in the cytokine responses following up-
take, depending on which recognition pathway was engaged.
Here we show that the glycosylation status of the C. albicans
cell wall profoundly affected the rate of macrophage phagocy-
tosis. Distinct patterns emerged in that phosphomannan-defi-
cient strains (mnn4�, pmr1�, and mnt3� mnt5�) were taken
up at a lower rate than the wild-type or reintegrant controls
and that O-linked and N-linked mannan-deficient strains are
taken up at higher rates (mns1� and mnt1� mnt2�). Interest-
ingly, the phosphomannan-deficient pmr1� strain shows re-
duced uptake, despite its deficiencies in O-linked and N-linked
mannan. The O-mannan structure of the pmr1� mutant differs
from that of the mnt1� mnt2� strain in having a less marked
truncation of the glucan chain (1). This difference suggests the
importance of terminal �-1,2 mannose in determining recog-
nition and uptake of C. albicans yeast cells by macrophages.
The cell wall phosphomannan content plays an important role
in the surface charge of the C. albicans cell wall, and the
findings described here mirror recent observations made in
apoptotic and viable cells identifying surface charge as an im-
portant determinant for chemotaxis toward phagocytes (39, 43)
and ultimately phagocytosis (10). This is in contrast with pre-
vious reports that failed to demonstrate a role for phospho-
mannan in phagocytosis assays over a shorter time frame using

TABLE 4. Percentage killing of J774 macrophages by C. albicans cell wall protein mutants

Ratio
% of macrophages killed by strain typea:

NGY152 ece1� als3� als3�::ALS3 hwp1� hwp1�::HWP1 Macrophages only

1:1 9.77 � 3.06 9.44 � 4.29 9.29 � 2.52 9.15 � 3.75 9.35 � 1.57 8.87 � 0.78 0.96
3:1 20.01 � 3.37 18.01 � 7.05 19.21 � 4.36 18.76 � 2.35 19.09 � 0.73 18.41 � 1.22 0.96

a The values shown represent the percentage of macrophages killed by C. albicans � standard deviation. Shown are the results from 3 separate triplicate experiments
at the 3-h time point for 1:1 and 3:1 C. albicans/macrophage ratios.

TABLE 5. Percentage killing of macrophages by C. albicans hypha-deficient mutants

Ratio
% of macrophages killed by strain typea:

CAI4 clb2� hgc1� efg1� cph1� efg1�::cph1� Macrophages only

1:1 10.2 � 0.68 1.9 � 0.78* 1.6 � 1.44* 2.37 � 1.33* 5.89 � 1.02* 2.15 � 1.97* 2.81 � 2.83*
3:1 20.6 � 2.95 1.83 � 0.78* 2.5 � 0.95* 2.46 � 1.84* 11.62 � 2.19* 2.19 � 1.06* 2.81 � 2.83*

a The values shown represent percentage of macrophages killed by C. albicans � standard deviation. Shown are the results from 3 separate triplicate experiments
at the 3-h time point for 1:1 and 3:1 C. albicans/macrophage ratios. �, significantly different (P 
 0.05) compared to the wild-type control.
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a much higher C. albicans/macrophage ratio (16). The condi-
tions used in the previous study may have overshadowed the
differences between the wild-type and mnn4� strains revealed
here.

The absence of O-linked or N-linked mannans significantly
increased the phagocytosis of C. albicans. Alcian blue assays
confirm (data not shown) that this is not a consequence of a
compensatory increase in phosphomannan. A more likely in-
terpretation is that these cell wall components play a direct
role in virulence or a negative role in the recognition of this
fungus by macrophages and other cells of the immune system
(11, 14, 27, 41). Although cell wall mannans can mask recog-
nition of underlying �-glucans in the cell wall, they also par-
ticipate in immune recognition (27). Here we demonstrate that
they are also required for phagocytosis and affect the rate of
killing of macrophages once taken up into macrophage phago-
somes.

C. albicans is a dimorphic fungus, and its ability to switch
between yeast and hyphal forms is thought to contribute to
pathogenesis (13). C. albicans mutants that are unable to form
filaments are less virulent (17, 19), although conversely, mu-
tants that are unable to grow as yeast are also less virulent (34),
suggesting that both forms are needed for pathogenicity. There
is evidence suggesting that yeast and hyphal forms engage
different macrophage receptors during engulfment (11), and
this is associated with alteration in the ensuing macrophage
cytokine and chemokine profile (36). However, little is known
about how impaired morphogenic switching affects recognition
and uptake by macrophages and the ability of C. albicans to
evade immune destruction and escape from macrophages after
uptake (32).

The data shown here employing hypha-deficient mutant
strains confirm the importance of morphogenic switching for
C. albicans to kill and escape from macrophages. The live cell
video and scanning electron microscopy images shown here
support the notion that this is accomplished by physical per-
foration of the macrophage cell membrane. Importantly, our
data show that even though the absence of hyphal formation
abrogates macrophage killing, intact hyphal formation does
not always result in efficient macrophage killing.

The data presented here shed light on why glycosylation-
deficient mutants show profound defects in macrophage killing
despite normal intraphagosomal hyphal formation. It appears

likely that the engagement of distinct PRRs by specific glyco-
sylation mutants during uptake and recognition, as described
by Netea et al. (28, 29), alters the maturation of macrophage
phagosomes. This in turn may expose the glycosylation mu-
tants to a potentially more hostile environment and favor di-
gestion of C. albicans rather than escape and macrophage
killing. This is an area under active investigation in our labo-
ratory, and differences in maturation of phagosome containing
wild-type and mutant C. albicans strains would be directly
relevant to other infectious microorganisms.

The experiments described here show that specific fungal
properties are associated with defined effects on the macro-
phages’ ability to ingest and process C. albicans. The work
contributes to a better understanding of the innate immune
response to infection and is a prerequisite for future studies
linking pathogen recognition and phagosome maturation and
its consequences for survival of the pathogen and host.
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19. Lo, H. J., J. R. Köhler, B. DiDomenico, D. Loebenberg, A. Cacciapuoti, and
G. R. Fink. 1997. Nonfilamentous C. albicans mutants are avirulent. Cell
90:939–949.

20. Loeb, J. D., M. Sepulveda-Becerra, I. Hazan, and H. Liu. 1999. A G1 cyclin
is necessary for maintenance of filamentous growth in Candida albicans. Mol.
Cell. Biol. 19:4019–4027.

21. McPhillips, K. A., and L. P. Erwig. 2009. Assessment of apoptotic cell
phagocytosis by macrophages. Methods Mol. Biol. 559:247–256.

22. Means, T. K., E. Mylonakis, E. Tampakakis, R. A. Colvin, E. Seung, L.
Puckett, M. F. Tai, C. R. Stewart, R. Pukkila-Worley, S. E. Hickman, K. J.
Moore, S. B. Calderwood, N. Hacohen, A. D. Luster, and J. El Khoury. 2009.
Evolutionarily conserved recognition and innate immunity to fungal patho-
gens by the scavenger receptors SCARF1 and CD36. J. Exp. Med. 206:637–
653.

23. Miyazato, A., K. Nakamura, Y. Abe, H.-M. Mora-Montes, K. Inden, X. Gang,
K. Ishii, K. Takeda, S. Akira, S. Saijo, Y. Iwakura, Y. Adachi, N. Ohno,
N. A. R. Gow, M. Kaku, and K. Kawakami. 2009. Toll-like receptor 9-de-
pendent activation of myeloid dendritic cells by deoxynucleic acids from
Candida albicans. Infect. Immun. 74:3056–3064.

24. Mora-Montes, H. M., S. Bates, M. G. Netea, D. F. Díaz-Jiménez, E. López-
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